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Abstract

Palynomorphs from two siliciclastic margins were examined to gain insights into

continental margin architecture. Sea level change is thought to be one of the primary

controls on continental margin architecture. Because Late Neogene glacioeustasy has

been well studied marine sediments deposited during the Late Neogene were examined to

test this concept. Cores from the outer shelf and upper slope were taken from the New

Jersey margin in the western North Atlantic Ocean and from the Sunda Shelf margin in

the South China Sea.

Continental margin architecture is often described in a sequence stratigraphic

context. One of the main goals of both coring projects was to test the theoretical

sequence stratigraphic models developed by a research group at Exxon (e.g. Wilgus et

al., 1988). Palynomorphs provide one of the few methods of inferring continental margin

architecture in monotonous, siliciclastic marine sediments where calcareous sediments

are rare (e.g. New Jersey margin). In this study theoretical models of the palynological

signature expected in sediment packages deposited during the various increments of a

glacioeustatic cycle were designed. These models were based on the modem

palynomorph trends and taphonomic factors thought to control palynomorph distribution.

Both terrestrial (pollen and spores) and marine (dinocysts) palynomorphs were examined.

The palynological model was then compared with New Jersey margin and Sunda Shelf

margin sediments.

The predicted palynological trends provided a means of identifying a complete

cycle of glacioeustatic change (Oxygen Isotope Stage 5e to present) in the uppermost 80

meters of sediment on the slope at the New Jersey margin. Sediment availability, not sea
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meters of sediment on the slope at the New Jersey margin. Sediment availability, not sea

level change, is thought to be the major factor controlling margin architecture during the

late Pleistocene here at the upper slope. This is likely a function of the glacial scouring of

the continents which significantly increases sediment availability during glacial stages.

The subaerially exposed continental shelf during the lowstand periods would have been

subject to significant amounts of erosion fi:om the proglacial rivers flowing fi-om the

southern regions of the ice-sheet. The slope site is non-depositional today and was also

non-depositional during the last full interglacial period.

The palynomorph data obtained fi-om the South China Sea indicate that the major

difference between the New Jersey Margin sites and the Sunda Shelf margin sites is the

variation in sediment supply and the rate of sediment accumulation. There was

significantly less variation in sediment supply between glacial and interglacial periods

and less overall sediment accumulation at the Sunda Shelf margin.

The data presented here indicate that under certain conditions the theoretical

palynological models allow the identification of individual sequence stratigraphic units

and therefore, allow inferences regarding continental margin architecture. The major

condition required in this approach is that a complete and reliable database of the

contemporaneous palynomorphs be available.
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General Introduction

This Study

The primary purpose of this study is to determine the usefulness of palynomorphs

as indicators of continental margin architecture. Continental margin architecture is now

commonly described in a sequence stratigraphic context, using the theoretical models

developed in large part by the research group at Exxon (e.g. Wilgus et al., 1988). Late

Pleistocene sediments from two regions are examined in this study. They are: 1) the

Western Atlantic margin near New Jersey, and 2) the margin of the outer Sunda Shelf in

the South China Sea (Figure 1). One of the main goals of the research groups

investigating these regions was to test these theoretical sequence stratigraphic models.

These sites were selected because they are both thought to have conditions necessary for

the deposition of sediments that best follow the theoretical models, and are therefore

suitable test sites (Austin, Christie-Blick, Malone et al, 1998 and Stattegger et al., 1997).

Palynomorphs (pollen & spores and dinocysts) are typically used as proxy

particles from their respective environments (terrestrial and marine) to infer paleoclimatic

and paleoecologic conditions. Indices that are typically used for paleoecological

inferences are used as tools for applications in a sequence stratigraphic context.

Palynomorphs are organic-walled microfossils that have the aero- and hydro- dynamic

properties of silt-sized clastic particles (Traverse, 1988) and are commonly found in

siliciclastic marine sediments. Because an approximate place of origin of these particles

is known and because they are very resistant to dissolution and degradation, they are ideal

particles for this type of study. As well as providing prima facie ecologic





Figure 1 . World map showing study sites in (a) modern oceans and (b) approximate

relative sea level at the last glacial maximum: note enlargement of continental area

(modified from Scholle, 1 996).
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information, these particles can potentially record the often complex depositional history

of an area. The ecological information gained from the palynomorphs allows for an

approximation of paleoclimatic and paleoceanographic conditions (e.g.,

glacial/interglacial).

The sedimentary architecture of continental margins is mainly a fimction of the

water depth (accommodation) and sediment type and supply. Glacioeustatic change has

been the major control of accommodation throughout the Late Neogene, and thus plays a

significant role in the depositional history. Tectonism is another factor that can alter

accommodation, however, because this study examines Late Neogene sediments along

passive continental margins, it is not thought to be a significant variable at these sites.

The extensive development and subsequent disintegration of continental ice sheets

during the Late Neogene resulted in worldwide sea level oscillations. The Late

Wisconsinan glaciation (-25-10 ka) is thought to have been one of the most intense of the

Pleistocene Epoch resulting in a sea level of -125 m below its current level (Fairbanks,

1989). Figure 2 displays late Pleistocene oxygen isotope data which are thought to mirror

shifts in global sea level (Imbrie et al., 1984). Global climates shift from glacial to

interglacial conditions over time spans as short as a decade, and the disintegration of the

massive continental ice sheets can occur over a period of only a few thousand years

(Bond et al., 1992, Dansgaard et al., 1993). Such rapid shifts in climate and sea level

likely influenced marine sediments, especially in regions near continental ice-sheets.

Proposed shifts or temporary shutdown of thermohaline circulation resulting from

massive influxes of freshwater to the North Atlantic during the disintegration of these ice
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SPECMAP

(0

decreasing

sea level

increasing

sea level

Figure 2. Oxygen isotope curve representing glacioeustatic fluctuations over

the past 530 ka. Oxygen isotope stages are also indicated (odd stages represent

interglacial periods, even stages represent glacial periods; modified from Imbrie

e^ a/., 1984).
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sheets (i.e., Heinrich events; Bond et al., 1992) would have had global climate

implications, thus signals have been found in regions throughout the world (e.g., Clark

and Bartlein, 1995). Because palynomorphs are preserved in most clastic marine

depositional environments, and because both terrestrial and marine particles are present,

they can potentially be useful for inferring the architecture of continental margins.

Study Approach

Palynomorphs were examined from cores from the New Jersey margin (Figure 3

and the South China Sea (Figure 4). Two sites from each location were studied in this

project; one on the outer shelf and one on the upper slope. The shelf cores at both regions

were taken from water depths of 1 50 m or less. Therefore, they are thought to have been

subject to erosion during the Last Glacial Maximum (LGM) when sea level was ~125 m

below its modem level. It was thought that the resulting unconformity would have been

preserved when deposition resumed. Both slope sites are thought to provide good

temporal control (Austin, Christie-Blick, Malone et al, 1998; and Stattegger et al, 1997).

One of the major differences between two sites is that the late Pleistocene ice-sheets were

in close proximity to the New Jersey sites (Boms, 1973), whereas they were not near the

South China Sea sites. It is thought that these ice-sheets would have had some effect on

continental margin architecture and on the palynomorph assemblages present at the New

Jersey margin. Upper Pleistocene strata are ideal for establishing the relationship of

palynomorphs to continental margin architecture because sea level cycles are relatively

well known during this period due to extensive study (e.g. Shackleton, 1987; COHMAP

Project Members, 1988; Fairbanks, 1989; Broeker, and Denton, 1990; GRIP Members,





Figure 3. Study area of ODP Leg 174A, Sites 1072 and 1073. Seismic profile

transects and other study sites are indicated (modified from Austin, Christie-Blick,

and Malone ef a/.,1998).
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1993). Because one of the main groups of palynomorphs which is abundant in marine

sediments has a terrestrial provenance (pollen and spores), inferences regarding the

proximity of the fossil pollen and spores to their source can be made. Thus, a ratio of the

terrestrial to marine palynomorphs can be usefiil for inferring sea level history. The

pollen and spores (P), represent terrestrial particles whereas dinocysts (D) represent

marine particles. This ratio has been used by McCarthy and Mudie (1998) in deep marine

sediments to distinguish sediments that were recently more "terrestrial" (e.g. distal

turbidites) from hemipelagic sediments. Gregory and Hart (1992) applied terrestrial to

marine palynomorph ratios in a sequence stratigraphic context to specific sections within

sequences. However, they compared different strata, from different regions from

different time periods, so that the individual sections were genetically unrelated.

Terrestrial to marine palynomorph ratios have not previously been applied to a

continuous section on a continental margin.

Pollen and spore analysis has long been the chief proxy for climate in terrestrial

environments, and regional pollen and spore zones form the basis for climatosfratigraphic

correlation (e.g. McAndrews, 1994). These terrestrial palynomorphs have also been used

to identify large-scale climatic changes in marine sediments, and to correlate between

land and sea (e.g. Groot et al, 1995). However, further consideration must be given to

interpreting these marine pollen and spore assemblages because of the taphonomic

influences on their distribution. Offshore assemblages of pollen and spores are sfrongly

affected by differential adaptation of pollen and spore taxa to long distance transport (e.g.

Mudie and McCarthy, 1994). Therefore, the terresfrial palynological data cannot be

treated in the same manner as the lacustrine pollen and spore data sets. An attempt will





be made to account for, or predict the influence of taphonomy on the pollen and spores

and will potentially aid in the interpretation of the depositional environments.

One of the limitations to this study is the diversity of the terrestrial flora of south-

eastern Asia and Indonesia and the sparseness of the pollen and spore database. The

number of pollen and spore producing plants from this region is thought to be very high.

Given the limited database, learning the taxonomy of such a large number would have

been beyond the scope of this study. Therefore, pollen and spores from the South China

Sea cores have been recorded simply as pollen.

New Jersey Margin

The flagship of the Ocean Drilling Program, the Joides Resolution, obtained core

and geophysical data on Leg 174A on the extensively studied New Jersey margin in the

summer of 1997 (Figure 3). Three sites were cored (Sites 1071, 1072, and 1073), two of

which have been examined in this study. Hole 1 072A was cored on the outer shelf at

39°21.9370'N, 72°41°.6675'W, in 98.2 m of water. A penetration depth of 306 m was

attained in this Hole into sediments of Upper Miocene age (Shipboard Scientific Party,

1998a). Hole 1073A was cored on the uppermost slope 39 km east-southeast of Site

1072 at 39°13.5214'N, 72° 1 6.546 IW, in 639.4 m of water. A penetration depth of

663.6m was attained in this Hole into sediments of Eocene age. The uppermost -100 m

of each core was examined in this study.

Some of the primary goals ofODP Leg 174A that are addressed in this study were

to: "1) to date and correlate sequence boundaries with the deep-sea 5'^0 variations; 2) to





10

place constraints on the amplitude and rates of sea level change that may have been

responsible for the development of unconformities; 3) to determine the relationship

between continental margin architecture and depositional facies; 4) to provide a baseline

for future research on the effects and timing of sea level changes on passive continental

margins" (Austin, Christie-Blick, Malone et al, 1998, p. 12). The New Jersey margin

was thought to be an appropriate location for achieving these objectives for several

reasons: 1) the relatively low rates of tectonic subsidence of the Atlantic margin allows

for clearer interpretation of glacio-eustic change (Steckler and Watts, 1982), 2) previous

regional subsurface geology surveys indicate little or no evidence of major faults, tilting

or any other phenomenon that has disrupted the late Cenozoic sediments (Poag, 1985).

Site 1072 is one of two sites cored on the outer continental shelf during ODP Leg

174A. The primary objectives of drilling at Site 1072 were (1) to sample sequence

boundaries and learn more about sequence geometry (2) to improve the calibration of

sequence boundaries; and (3) to place constraints on amplitudes and rates of sea level

change that may have been responsible for the development of sequence boundaries

(Austin, Christie-Blick, Malone et al, 1998, p. 99)

Better biostratigraphic resolution at Site 1073 was possible than at the shelf sites

1071 and 1072 because of the open-marine fauna found in pelagic sediments (Austin,

Christie-Blick, Malone et al, 1998). Geometric evidence has indicated that Oligocene to

Pleistocene sequence boundaries are preserved under the modem shelf, therefore Sites

1071 and 1072 were expected to reveal the eustatic change of these Late Cenozoic

sediments (Austin, Christie-Blick, Malone et a/., 1998).
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Figure 5. Regional geology of the eastern U.S. continental margin highlighting the

approximate location of the ODP Leg 174A(modified from Grow and Sheridan, 1988).
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Figure 8. Bathymetric map of the region surrounding ODP Leg 174A. Holes

1072A and 1073A are examined in this study

(http.7/www.ngdc.noaa.gov/mgg/coastal/coastal/html).
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Uchupi, 1972). In the region to the north of the study area there are many large

submarine canyons that cut into the continental shelf break many of which have an

extensive network of tributary channels on the shelf However, in the area surrounding

both New Jersey sites the submarine canyon system is less extensive and does not

generally cut into the shelf break (Emery and Uchupi, 1972). There is little evidence for

recent turbidity currents on the upper slope in this region, although it is suspected that

turbidites have been active in the past (Knebel, 1984). The canyons present on the slope

in this region are not thought to be actively transporting sediment off the shelf today

(Knebel, 1984). Miller et al. (1998) recently concluded that variation in size of the ice

sheets has been the primary control on the formation of sequence boundaries since

~42Ma.

Physical Oceanography

Water mass and surface circulation patterns for the North Atlantic Ocean are

displayed in Figure 9. Leg 174A sites are located slightly north of the Gulf Stream above

the Slope Water and Coastal water masses (Figure 10). The Gulf Stream is a fast, narrow

and deep current transporting the warm waters of the sub-tropical Atlantic along the

eastern North American slope to Cape Hatteras where it flows eastward across the North

Atlantic. The Gulf Stream borders the coastal Labrador Sea water to the north. The

boundary water to the north of the Gulf Stream is termed Slope Water and is cooler and

slightly less saline than Gulf Stream (Wright, 1 976). Much of the mixing between these

two water masses occurs from the disintegration of warm and cold core rings (Bower and

Rossby, 1989). These rings are typically 100-200 km in diameter and form
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when the meandering of the Gulf Stream pinches off, penetrating the other water mass

(Figure 10).

South China Sea

The South China Sea (SCS) is located in the western equatorial Pacific (Figure 4).

The 1.8 million km^ Sunda Shelf is the largest continental shelf on Earth and was almost

entirely subaerially exposed during the last glacial. While this large area was exposed the

shelf was subject to subaereal erosion and fluvial incision by the Molengraff and paleo-

Mekong rivers. Figure 1 1 shows the approximate location of these paleo-rivers (Tjia,

1980 and Anonymous, 1984 from Stattegger, et al. 1997).

The German research vessel Sonne gathered geophysical data and cored an area

on the outer Sunda Shelf and slope in late 1996 and early 1997. The primary objectives

of Sonne Cruise 115 which are addressed in this study were to "1) establish the

depositional history from the continental rise to the irmer shelf during this transgression,

2) test the sequence stratigraphic models of transgressive systems tracts and maximum

flooding surface, and, 3) test several concepts of how sea level affected productivity and

ocean chemistry" (Figure 12; Stattegger et al, 1997 p. 5-8). Cores were taken from the

outer, western extent of the shelf and slope (Figure 13). Samples from two of these cores

have been prepared and analyzed for their palynological content as a part of this study.

Core 18282-2 is 6.3 m in length and was taken from the outer shelf at 5°14.687N;

110° 14.605 E in 151 m water depth. Core 18294-4 is 6.94 m in length and was taken

from the upper slope at 6°07.809N; 1 1 1°18.163E in 849 m water depth. Core 18294-3 is
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Figure 11. Approximate position of rivers across the Sunda and Vietnam shelf

during Pleistocene lowstands. The approximate location of the cores examined

in this study is indicated (Tjia, 1980 and Anonymous, 1984 from Stattegger et al.,

1997).
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High Sea Level Low Sea Level

Global
Environment

Climate

Ocean Circulation

High Sea Level

Warm, Low temperature
gradient

Stratified, Static deep
water circulation

Low Sea Level Encoder Proxy

Productivity

Planktic Life Efficient, High diversity

Benthic Life

Ocean Chemistry

Oligotrophic open
ocean.
High on shelfs

Opportunistic, low
diversity

Cool, High temperature S) 18 q biota
gradient ,

wr uia

Mixed, Vigorous deep TOG. biota
water circulation Q13 q

More eutrophic open S) 13 c biota
ocean, '

Shelfs exposed

Biota
iiversity

Opportinistric, Low
divers itv

Efficient, High diversity Biota

Shallow CCD
Expanded oxygen
minimum

High organic carbon
accumulation

Low CCD
Narrow oxygen
minimum
Low organic carbon
accumulation

Biota
Sediment
composition
TOC

Sediment Low sedimentation rate High sedimentation rate Age-thickness

Fine-grained Course-grained Grain-size

Low terrigenous High tenrigenous Magnetic intensity

component component Grain composition

Hiatuses Starved Mechanical Stratal pattern

Figure 12. Table comparing several test concepts of the Sonne Cruise 115
(modified from Stattegger et al., 1997).
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lore

ii-'

Figure 13. Bathymetry and cx}re locations on the Sunda Shelf and Slope.
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0.44 m in length and was taken at essentially the same location as 1 8294-4. This core

was used in this study because the upper 2.1 m of core 18294-4 was lost during the core

opening procedure (Stattegger, er a/., 1997).

Geologic Setting

The sites examined in this study lie in a geologically stable region termed

Sundaland (Figure 14). As indicated in Figure 14, there are nearby regions that are very

geologically active, having rates of vertical crustal movements of up to 10 mm/yr (Tjia,

1995). However, the Sundaland region has vertical crustal movements similar to that of

the New Jersey margin at < 10 m/Ma (Tjia, 1995).

Figures 4 and 1 3 show the bathymetry on a regional and local scale surrounding

the cores examined in this study. The shelf gradient in the region of core location 18282-

2 (water depth range of 100-200m) is very shallow, at only approximately 0.05° (ca.

1:1 150). The upper continental slope in the region of cores 18294-3 and 18294-4 (water

depth range of 200-1 000m) has an average gradient of about 1.0° (1:57) which decreases

to 0.5° (1:115) between 1000 and 1500 m water depth. At 1500 m and basinward, the

gradient increases to 0.3 (1:191) (Stattegger et al, 1997). The most significant features

on the seafloor up to depths of 1000 m are deeply incised valleys (especially in the

south). Several infilled Pleistocene channels (Figure 15) have been detected during

shallow seismic investigation in the southwest Sunda Shelf (Evans et al, 1995, from

Stattegger eM/., 1997). _

Rates of sedimentation are unknown, however rates of approximately

20cm/1000yr have been documented in the pelagic environment at the most distal end of
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Tectonic Setting of S.E. Asia

Plate Boundaries
——*- Convergent

,^f Spreading

Relative motion
sense between
plates

1000 km

Figure 14. Tectonic setting of the Sunda Shelf and region surrounding the
South China Sea. Values represent vertical movement in mm/yr. Hatched
areas represent geologically stable regions. Other regions in the area are
significantly more active (modified from Tjia, 1995).



^£

e^aA .3.8 ^o [

U\i,

notooT
T7--T-,

•. \

h'
^

\

aa

•nAT-')

r'

y^'-V

/N

U
* .1.1

-

erlJ gnibnucmua noigei bne tieriS ebnuS 9*1t>o nnlWe* ^S'^otosT >r enug'l
bsnofsH .iY\mm ni tnernavom IsoiJiov jne '• snirlO iluo3
ei6 6318 sril ni enoi09119(1)0 .anoioei ek -..,.. ^ -.

(286 f .Bi'.T fhoi^ L



25

-'' -'("^
/>/* ?h{,'ri;ht .o V 4.';i

Fix 42 Huatat

''*•*
I TerD«ivPltisiec«ne mjrine MouMc*

TWn
'

'~m Mulliole tram r«fl«clor( b«n«ith tt« i>*C

Po»ition ol thf

Weichsetian Ion

•ra$ion_>urta«t.

It unctRdn

Figure15. Shallow seismic investigations on the Sunda Shelf reveal several

infilled Pleistocene channels such as the ones shown here, (Evans et al., 1995;

in Stattegger et al., 1997)
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the Molengraff Delta system (Samthein et al. 1994, from Stattegger et al, 1997). The

modem major source of terrestrial sediments to the SCS are the Mekong, Red and Pearl

rivers. The Mekong Delta is the closest of these rivers to the sites examined in this study.

It is located approximately 700 km to the north-north/west of the core locations (Figure

4). The sources of terrestrial sediments to the SCS are thought to be significantly different

during glacial intervals when the large regions of continental shelf are exposed.

Cores 18294-4 and 18294-3 were taken from the top of an elevated, seamount-like

structure on the slope of the Sunda Shelf The main objective for taking this core was to

obtain an undisturbed pelagic record that had not been influenced by gravitationally

reworked sediments (Stattegger et al., 1997). Cores 18282-2 and 18282-1 were taken on

a slightly elevated section of sea floor bounded by vertical faults. The main objective for

taking this core was a continuation of the shelf-slope transect (Stattegger et al, 1997).

In the northeast there are two positive bathymetric features thought to be paleo-

reefs. On the upper continental slope, several fans are stacked upon each other.

Seismically they are marked by downlap terminations both proximally and distally and

their convex upwards boundaries (Stattegger et al., 1997).

Physical Oceanography

Due to the regional topography and the seasonal monsoon patterns, the ocean

circulation patterns of the South China Sea are thought to be more complex than those of

the New Jersey margin. Modem day surface circulation varies significantly between the

seasons in the South China Sea and across the Sunda Shelf This is a result of the

changing monsoon winds which are the major driving mechanism of the circulation of the
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SCS (Wyrtki, 1961, from Shaw and Chao 1994; Wang and Wang 1990; Chen and Huang,

1998). During the summer (August) surface waters enter the SCS through the Karimata

Strait and then trend eastward across the Sunda Shelf (Figure 16a). During the winter

monsoon (December) the surface waters trend in a westerly direction across the SCS and

Simda Shelf and leave the region through the Karimata Strait (Figure 16b as above). The

circulation at 50 m depth has also been calculated in the Shaw and Chao (1994) model,

and indicates that, in summer, a water mass is moving westerly from the coast of Borneo

and then along the sea-floor contour to the north (Figure 17a). The model indicates much
1

stronger currents flowing in exactly the opposite direction during the winter monsoon

(Figure 17b). The winter monsoons are also thought to vary in intensity through time

corresponding with glacial interglacial cycles (Chen and Huang, 1998).

The relatively low amoimt of exchange with other basins insinuates little effect on

global circulation patterns, however, Street-Perrott and Perrott (1990) indicate this region

I

plays a key role in the exchange of thermocline water. This region supplies the North

Atlantic with a significant amount of heat and salt, thus fluctuations here could affect the

production of North Atlantic Deep Water, which would affect global climates (Broecker

and Denton, 1990).

During glacial periods the SCS was transformed into a semi-closed basin due to

lowered sea level. Because much of the present day water entering the Sunda Shelf region

enters via straits that would have been cut-off during the LGM, the circulation patterns

could have been significantly different (Wang and Wang, 1990). The inflow of tropical

surface waters from both Indian and Pacific Oceans decreased or was completely shut off
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25° N

100° E

25° N T
(b) December
Velocity at 2.5 m

100° E

Figure 16. Simulated velocity vectors at a depth of 2.5 m below surface in (a)

August and (b) December. The velocity scale is 0.8 m/s (modified from Shaw
and Chao, 1994).
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25" N
(a) August

Velocity at 50 m

0.4 m/s

15°-

5°-

25° N
(b) December
Velocity at 50 m

0.4 m/s

1^

100° E

Figure 17. Simulated velocity vectors at a depth of 50 m below surface in (a)

August and (b) December. The velocity scale is 0.4 m/s (modified from Shaw
and Chao, 1994).
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causing a greater decrease in sea surface temperature in the enclosed basin during glacials

than in open ocean (Wang and Wang, 1990).

Dinoflagellate background

Dinoflagellates inhabit lakes, marshes, estuaries and nearly all marine

environments. Dinocysts are the encysted stage in the life history of a dinoflagellate.

Most of the fossil record of dinoflagellates comes from the encysted stage.

Dinoflagellates are single-celled organisms belonging to the Kingdom Protista, Class

Dinoflagellata and are characterized by the presence of two flagella which provide

locomotion. The two families that have most commonly produced fossil dinocysts over

the past few million years are Protoperidiniaceae and the Gonyaulacaceae. The

protoperidinioid group consist almost entirely of heterotrophic species whereas all of the

gonyaulacoids are autotrophs. Protoperidinioid cysts tend to be brown in colour and

typically have a more simple morphology. The gonyaulacoid cysts are typically lighter in

colour and tend to have a more elaborate morphology and are often highly ornamented

(Fensome et al., 1996).

Only approximately 10-20 % of dinoflagellates form fossil cysts (Dale, 1976).

The life cycle of cyst-producing dinoflagellates varies somewhat between species,

however, it typically consists of three stages, (Figure 18):

l)Schizonts stage: cells that have recently emerged from the hypnozygote cysts will

rapidly form thecae. The haploid vegetative cells grow and produce haploid gametes.

Two haploid gametes will fuse to become a zygote.
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Planozygote

Stage

Growth
bands of
theca

FossJIization

Hypnozygote

Stage

Sediment
Theca
shed

Hypnozygote

Figure 18. Typical life-cycle of dinoflagellates. A) Schizonts stage; cell has recently

emerged from the hypnozygote stage and divides meitotically. Two haploid

gametes fuse to become zygote. B) Planozygote stage; zygote grows and develops

two longitudinal flagella, followed by thecal plate growth and then loss of flagella.

C) Hypnozygote stage; sporopollenin develops t)eneath thecal plates before thecal

plates are shed. Cyst (hypnozygote) behaves hydrodynamically like silt-sized particle

until excystment or burial. Cell excysts through archeopyle, and empty cyst will

behave hydrodynamically like a silt-sized particle until burial or destruction (modified

fromEvitt, 1985).
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2)Planozygote stage: zygote grows and develops two longitudinal flagella, the thecal

plates grow until the flagella are lost.

3) Hypnozygote stage: complex organic polymer (sporopoUenin) develops beneath the

thecal plates, thecal plates are lost, and the remaining cyst behaves hydrodynamically like

a silt particle. The cyst will remain dormant for a period of time before the first and

second meiotic cell divisions occur. The cell or cells will emerge through an archeopyle,

and the cycle continues (Evitt, 1985).

Conditions of excystment are not consistent between species, however,

temperature, availability of oxygen and the amoimt of light are all thought to be factors

(Mudie and Harland, 1996). More comprehensive reviews of the life cycle of

dinoflagellates can be found in Saijeant (1974); Edwards (1993) and Fensome et al.,

(1996).

Most fossil dinocysts are thought to be the hypnozygote stage or the remnant

thereof (Fensome et al., 1996). Dinocysts range in size from 10 to 120 \xm, however they

most commonly range between 40 and 80 ^m. Despite the fact that only about 20% of

extant species are known to form a fossilizable cyst (Dale, 1976), those that do have been

shown to be usefiil stratigraphic and paleoecologic indicators (e.g. Wall et al. 1977; Dale

1983 Harland, 1983; Mudie and Aksu, 1984; Edwards et al., 1991; Mudie 1992).

Dinocyst distribution is not only influenced by sea-surface temperature, but is also

strongly affected by water depth, sea-surface salinity and nutrient richness (Marret and

Turon 1994).
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Dinoflagellates live within the photic zone, typically migrating downward away

from the intense solar radiation of the daytime sun and then back toward the surface to

catch the last rays of the day. Downward migration then ensues as nutrients tend to be

more abundant lower in the photic zone. Before sunrise an upward migration takes place,

indicating that they are geotactic (relating to the earth's gravitational field), rather than

light sensitive organisms (Sarjeant, 1974). Zooplankton migrate along with the

organisms which they feed upon, and of course this trend is followed throughout the food

chain, (although detritus feeders are abundant in the oceans and dwell below the photic

zone, feeding on the rain of dead plankton falling from above). Nutrients come from

continental runoff or from upwelling currents that bring nutrient rich sediments from the

ocean bottom. Large plankton populations are not typically found near within the

nutrient-rich waters discharged from major rivers due to the high amoimts of suspended

sediment within the water which inhibit photosynthesis (Sarjeant, 1 974).

Pollen and Spores

Pollen and spores are known to behave essentially like sedimentary particles

(Hoffineister, 1954). The pollen considered in this study are those produced by both

angiosperm and gymnosperm families. Spores are produced by non-seed bearing

vascular plants such as bryophytes (mosses, liverworts and homworts) and pteridophytes

(ferns, horesetails and lycopods). Pollen are the male gametophytes of seed bearing

plants typically produced in great abundance by wind-pollinated plants and in lesser

amounts by animal-pollinating seed plants. Pollen grains typically range in size from 10-

300 |j.m, however, most grains are between 20 and 80 |j,m. Pollen and spore grains tend
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to behave aero- and hydro-dynamically like silt particles. The outer layer (exine) of the

pollen is composed of the complex organic compound, sporopollenin, and is very

resistant to degradation. Only strong oxidation, highly alkaline conditions or relatively

severe physical abrasion will destroy pollen and spore grains. Therefore, pollen and

spores can be found in sediments around the globe, although in greater abimdance in

areas of close proximity to sources of production. The pollen and spores found in lake

sediments are known to have been representative of proximal vegetation since the early

twentieth century (von Post, 1916). Since then pollen and spore analysis has been widely

used to reconstruct paleovegetation patterns and in turn paleoclimatic patterns around the

globe. 5i'-' '^
.

' ," . "v -J".''". '.' ' :\'j-
• ..i-. -."i.v:;:;,,, , .,.

Although MuUer (1959) pioneered the study of pollen in marine sediments,

relatively little work has been done on this until recent years. Several groups have begim

interpreting the significance of terrestrial particles in marine sediments e.g. Traverse and

Ginsberg (1966), Heusser (1985), Groot (1991), Mudie and McCarthy (1994), Groot et

al. (1995), Ekman (1997), Glaister and Gibbard (1998), and McCarthy and Mudie (1998).

The interpretation of pollen and spore data from marine sediments cannot be conducted in

the same maimer as it is in lacustrine sediments because of the significant taphonomic

factors affecting the assemblage with increased distance from the continents (Mudie and

McCarthy, 1994). . ., ';

Taphonomy

As is the case with any paleontologic study, taphonomic factors affecting fossil

distribution and preservation must be considered before data can be interpreted. The





taphonomic factors affecting palynomorphs has been given specific attention lately in a

book entitled "Sedimentation of Organic Particles" (Traverse 1994) and papers by

Zonneveld et al. (1997), and McCarthy and Mudie (1998).

Differential transportation due to morphological differences as well as differential

degradation influence an assemblage. Some rivers have large catchment areas and

therefore can accumulate and transport a diverse pollen assemblage from several climate

zones. This can be beneficial because local site biases will be diluted and regional trends

enhanced (Prentice, 1988). Assemblages that have undergone long distance transport

nevertheless tend to be representative of their source vegetation (Faegri and Iversen,

1989; Mudie and McCarthy, 1994) and can be useful for inferring paleoclimatological

trends. Although non-arboreal pollen tends to have a low relative abundance in the

terrestrial environment, their small size allows relatively easy transport in the marine

environment and, consequently will increase in abundance offshore (MuUer, 1959).

Differential transport may not be the only taphonomic factor acting on a given

assemblage. The degradation of pollen, spores and dinocysts can occur both physically

and chemically. The degree of deterioration of pollen and spore grains is typically a

function of the relative amounts of sporopollenin in the exine of the pollen grain

(Traverse, 1988). Zonneveld et al. (1997) found that there is a different oxidation

potential for various species of dinocysts. They foimd that protoperidinioid species are

especially susceptible to oxidation.



( (,,

<;'i!Mrf;ff- *-



36

Tools: P:D, G:P and Concentration

A few tools can be used as palynoecologic indices. The pollen &, spore to

dinocyst (P:D) ratio is used to infer the relative amounts of terrestrial vs. marine

component within a sediment (McCarthy and Mudie, 1998). Because sediments with a

terrigenous provenance will result in increasing P:D whereas sediment of largely marine

origin will have a low P:D, they can be potentially useful for inferring proximity to

shoreline.

The gonyaulacoid to protoperidinioid (G:P) ratio can be used to infer cooler vs.

warmer water masses (Mudie, 1992; Edwards et al. 1991) and onshore vs. offshore trends

(Harland, 1973). Because G:P will decrease with the proximity to shoreline (Harland,

1973), and tends to decrease with increasing latitude, as a function of temperature

(Mudie, 1992), the declining G:P trend should be accentuated during glacioeustatic

lowstands on the shelf and upper slope. Figure 19 displays the typical G:P ratios found in

water masses of different temperature.

The absolute abundance of the palynomorphs per milliliter of sediment was

calculated using the method developed by Stockmarr (1971; see methods). The

palynomorph concentration can be useful for estimating the variation in the primary

productivity and the clastic component of the sediments. Variations in productivity can

also influence the absolute concentration. High dinocyst concentrations are found in

areas of upwelling (Marret, 1 994). Vegetation types in the terrestrial environment can

also result in concentration shifts. Increased palynomorph concentration can indicate

clastic starvation. Increased dinocyst concentration can indicate low terrigenous input. If

the concentration of each of the three types of palynomorphs (pollen & spores,
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Sea Surface Temperature °C
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Figure 19. Typical gonyaulacoid to protoperidinioid ratios (G:P) from: tidewater

glaciers (<0.2), pacl< ice (0.2 - 0.6), seasonal ice zone (0.6 - 2), and warm waters

(>4) (modified from Mudie, 1992).
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gonyaulacoid dinocysts and protoperidinioid dinocysts) varies coincidentally with one-

another, a shift in the clastic input is inferred. However, when the concentrations of the

three palynomorph types vary independently of one-another, a taphonomic signal or a

shift in productivity is inferred.

Sequence Stratigraphy

Because one of the main goals of this project is to test the theoretical concepts of

sequence stratigraphy, an outline of the main principles is given here. For more thorough

descriptions and discussions of these principles see: Wilgus et al. (1988); Einsele et al.

(1991); Posamentier et al. (1993); Emery et al, (1996); and Miall (1997). Many of the

concepts used in sequence stratigraphy have been in use since the work of Sloss et al.

(1949) and earlier. However, it wasn't until Vail and his colleagues at Exxon published

AAPG Memoir 26 (Payton, 1977) that sequence stratigraphy (then called seismic

stratigraphy) became one of the most popular paradigms in geology. As wdth most new

paradigms, many details have been avidly debated (e.g. Thome and Watts, 1984; Wilgus

et al, 1988; Galloway, 1989; Walker, 1990; Christie-Blick, 1991; Miall, 1991; 1992;

1997; Vail et al 1991; Posamentier and James, 1993; Kolla et al, 1995; Hunt and

Tucker, 1995). Sequence stratigraphy was designed as a tool for geologists to aid in the

visualization of the processes of sediment transport onto and across the continental shelf

and slope. Sequence stratigraphy is founded on the premise that stratigraphic successions

are divisible into distinct sequences which are bounded by widespread unconformities.

The major controls on sequence development are thought to be subsidence, sea level

change and sediment supply (Van Wagoner et al, 1988). Theoretical models of the

>-
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various sections within sequences were developed by a group at Exxon (Wilgus et al,

1988). These generalized sequence models were, for the most part, developed for

application to siliciclastic sediments deposited on an extensional continental margin (e.g.

eastern North America). The models were also based primarily on "third order" sea level

cycles, which involve sea level oscillations on a scale of a few to ten million years.

Terminology

This brief introduction provides the reader with the basic concepts of sequence

stratigraphy and by no means covers all of the details defined in theoretical sequence

stratigraphy. A sedimentary sequence will have a succession of genetically related units

that are bounded by significant unconformities and their correlative conformities above

and below (Vail et al, 1977). Subjective terms such as "significant" in definitions can

lead to some confusion. This is especially the case when the theoretical models (and

definitions) are created with a temporal framework in mind (3"* order). The higher order

cycles would then be superimposed on the lower order cycles. It has been suggested that

subjective terms such as "significant" be dependent upon the scale of the study and thus

left to the discretion of the person studying a particular site (Emery et al., 1996). The

idealized sequence is composed of systems tracts which represent different stages of

relative sea level change. A systems tract is thought to represent contemporaneously

deposited sediments (Brown, 1969), each deposited during a specific increment of the

eustatic sea level curve (Posamentier et al., 1988). Systems tracts are thought to be

composed of parasequences and their respective sets (Van Wagoner et al., 1988).

Parasequences are defined as "relatively conformable successions of genetically related

beds bounded by marine-flooding surfaces and their correlative surfaces" (Van Wagoner
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et al., 1988, p. 39). Three main systems tracts developed by the Exxon group are;

Lowstand Systems Tracts (LST), Transgressive Systems Tracts (TST) and Highstand

Systems Tracts (HST). An important component of the sequence which is not included in

the Exxon models, and which was since developed by Hunt and Tucker (1992), is thought

to form during relative sea level fall. The Exxon models had included sediments

deposited during sea level fall within the LST, however, it is thought to be sufficiently

distinct to warrant being assigned another systems tract; the Forced Regressive Systems

Tract (FRST). Figure 20 displays the systems tracts that form during their respective

increments of the relative sea level curve. The basic depositional morphology of these

four systems tracts will be discussed below. It is important to note that there can be

significant variation between systems tracts depending upon the physiography of the

region. There wall also be variation within systems tracts depending upon the location

relative to the local shoreline (e.g., coastal vs. outer shelf).

Forced Regressive Systems Tract

As sea level begins to fall, a Forced Regressive Systems Tract (FRST) will begin

to form. As the shelf is progressively exposed to subaerial processes, reworking of the

coastal sediments wdll form forced regressive wedges in a seaward direction. These

forced regressive wedges will progressively dovmstep in a basinward direction as sea

level continues to fall. A coastal plain environment will have fluvial incision and incised

valleys into the preceding HST. The surface at the base of the forced regressive wedges is

the surface of forced regression. The upper boundary is a surface of widespread subaerial

exposure and incision. This upper boundary is considered to define the boundary of the
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sequence. The lower boundary shows limited marine erosion, passing downdip into a

correlative conformity, updip, it passes into subaerial exposure and incision (Gawthorpe

and Hunt, 1998).

Lowstand Systems Tract

The LST develops from late sea level fall to early sea level rise. The LST is

bounded by the transgressive surface on the top and the sequence boimdary on the

bottom. The lowstand sediments typically bypass the outer shelf and upper slope and

accumulate on the lower continental slope. When sea level has not dropped below the

shelf edge, the lowstand sediments will typically be thin. When sea level drops below the

shelf edge the lowstand sediments will usually be thick (Gawthorpe and Hunt, 1998).

Typical features of the lowstand sediments are one or more progradational or

aggradational parasequence sets. Slope and basin floor fans will also continue to develop

from turbidity flows.

Transgressive Systems Tract

The TST is formed during rapid sea level rise and is composed of a single

retrogradational systems tract. The TST is boimded on the bottom by the transgressive

surface which forms from marine erosion as the shoreline migrates landward. The TST is

bounded on the top by the Maximimi Flooding Surface (MFS). The TST stops forming

when the rate of sea level rise matches the sediment input (rate of accommodation

volume decreases to a point where it just matches sediment supply), and progradation

begins. This is the maximimi flooding surface which passes distally into a condensed





section (Vail et al, 1991). The MFS is an important component of a typical sequence

because it commonly has a large regional extent and records the transition from the

transgressive units below and the regressive units above. Deepest water conditions are

typically recorded in the highly condensed section (CS) immediately above the maximum

flooding surface. The CS will only form on the outer shelf, slope and in the basin and

will form during a period ofmaximum transgression of the shoreline (Loutit et al, 1988).

Condensed sections are formed imder conditions of terrigenous starvation, thus rates of

their development are dependent upon rates of pelagic and hemipelagic settling.

Highstand Systems Tract re itg.

The HST forms when the rate of sea level rise is declining. The MFS or CS will

mark the base of the HST. The HST will have one or more aggradational parasequence

sets followed by one or more progradational parasequence sets. The HST is bounded on

the top by a regressive surface caused by the subsequent lowering of sea level.

Sequence stratigraphy and glacioeustasy

Although many of the principles affecting continental margin architecture will be

similar during low and high order sea level changes, there are some distinct differences.

Therefore, a qualification of several of the terms must be made so that appropriate

application of these models to Late Neogene sediments can be conducted. Vail et al.

(1991) indicated that only parasequences will develop on time scales 0.01-0.5 Ma and

that sequences will only form on time scales of 0.5-5.0 Ma or greater. The group at
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Exxon claims that others have misinterpreted their models by not understanding first

principles, yet they so rigidly define the temporal boundaries for sequence development.

According to these definitions, a sediment package that is bound by widespread

unconformities and their correlative conformities that is temporally constrained to less

than 0.5 Ma is not a sequence. Another sediment package with similar architecture,

deposited over a span of greater than 0.5 Ma, would be defined as a sequence. These

arbitrary boundaries are the source of some confiision, with no indication of being only

approximate guides. ;; '

Several definitions infer that accommodation changes will result fi-om the

accumulation of sediment alone (e.g. HST). These changes can be evident in the

progradational shifts where no relative sea level changes are occurring. If a combination

of sediment availability and/or duration of an increment of the eustatic sea level curve is

sufficiently low, there may not be a significant change in accommodation. Therefore,

progradational parasequences will not result, thus they need not be incorporated directly

into definitions. Progradational, aggradational, or retrogradational parasequence trends

will be significantly less than those of lower order sea level changes and are not likely

readily detectable. Furthermore, parasequences need not develop during periods of rapid

sea level change because the definition of the boundary of a parasequence is a marine

flooding surface (Van Wagoner et al., 1988). Mitchum and Van Wagoner (1991)

indicated that higher order sea level fluctuations that result in high order sequences are

equated with parasequences. However, there is no need for this to be the case and the

statement is misleading. As long as a complete cycle of sea level change occurs, and the

requisite boundaries form, the basic components of a sequence will be deposited.
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Bhattacharya (1991) has identified high frequency sequences that are composed of

parasequences. Naish and Kamp (1997) have also identified high frequency depositional

sequences that accumulated in shelf and shoreline paleoenvironments. The problems

related to this "temporal superposition" have been acknowledged by several authors (e.g.

Vail et al. 1991; Embry, 1993; Miall 1997), and until a consensus is reached, reference

should be made in the description of a given sequence as to which frequency sea level

periodicities are thought to be represented in the record. The theoretical models of

sequence stratigraphy should have been developed Wiihfirst principles in mind. This has

not been the case. The additional factors that influence sequence development, namely

sediment volume changing accommodation, has been incorporated directly into

definitions, where they are not necessarily required.

Having noted these points of concern, the principles of sequence stratigraphy can

still be useful for visualizing the processes that have resulted in the deposition of

continental margin sediments. After first principles have been considered, the details of

the types of sea level change that would influence architecture should be applied to the

depositional model. In the case of glacioeustatically induced change during the Late

Neogene, the rates of sea level rise and fall should be considered. Continental ice-sheets

are thought to develop at a relatively uniform rate after the onset of glacial conditions so

that the rate of sea level fall will be relatively uniform as well. Conversely, continental

ice-sheets are thought to disintegrate relatively rapidly and at somewhat irregular rates

(Bond et al., 1992), leaving a different signal than a non-glacioeustatic induced sea level

cycle would have.
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Palynology and sequence stratigraphy

Palynomoqjhs have been used as a proxy for determining sequence architecture

(e.g. Gregory and Hart, 1992; Moshkovitz and Habib, 1993; Habib et al, 1994; and Li

and Habib, 1996). However as with many problems associated with sequence

stratigraphy the temporal scale is sufficiently different that many of the concepts used in

these previous studies cannot be applied in this study. These include: 1) evolution of the

flora, and 2) eustatic sea level cycles induced by non-glacioeustasy (because the

fluctuating global climates associated with glacioeustatic induced sea level change will

alter the palynomorph assemblages in many regions).
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Methods

Processing

Samples were disaggregated in 0.02% Calgon in a hot bath for 2-5 hours. The

samples were then sieved through a 10 ^m sieve in order to remove the clay fraction.

After the clays were removed a Lycopodium tablet was added and dissolved in the sieve

with 10% HCL as per Stockmarr (1971). The samples were then washed into and

concentrated in polypropylene tubes. 1 00% HCL was added to the samples which were

then put in a hot bath for 3-6 hours in order to remove all of the remaining carbonate

material. The samples were washed with distilled water and then subjected to 48-52%

HF and placed into a warm bath for approximately 24 hours in order to remove all of the

silicate material. After washing, the samples were sieved a second time to remove any

remaining clay material. One to two drops of safranin stain was added before a portion

of the sample was mounted on a slide with glycerin jelly.

Microscope Analysis

Slides were scanned at lOOX magnification and identifications were typically

made at 400X magnification. Slides were typically scanned over seven transects each.

Data Organization

The data were plotted by several groupings to determine inherent trends.

Absolute abundance and pollen & spore versus dinocyst ratios were calculated and

plotted. A known number of exotic palynomorphs (is this case Lycopodium clavatum) are

added to the sample during preparation and counted along with the other palynomorphs in

the sample. The absolute abimdance/ml (N) is then calculated by:
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N= ((nL)/l)/ninI

where n is the number of palynomorphs counted, L is the total number of Lycopodium

clavatum grains added to the sample during processing, 1 is the number of Lycopodium

clavatum counted in the sample and nml is the number of milliliters processed.

Stratigraphically constrained cluster analysis was performed on the pollen &,

spores and dinocyst data sets using CONISS (Grimm, 1987). This multivariate statistical

technique measures the degree of dissimilarity between each sample and those

stratigraphically adjacent. The total sum of squares is generated from a dissimilarity

matrix of squared Euclidian distances (Birks and Gordon, 1985). The constrained cluster

analysis and relative abundance of pollen, spores and dinocysts were plotted by

CANPLOT (Campbell and McAndrews, 1992).

A diversity index for community assemblages was calculated using the Shannon

Index (SI) of diversity.

SI= -E (p,)(LNp,)

where s is the number of species, p, is the proportion of individuals of the total sample

belonging to the /th species.
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Core descriptions

Table 1 displays the location and water depths of all cores examined in this study.

Figures 21 and 22 display the general lithologies of the cores along with the sections of

recovered versus non-recovered sediment and the chronology established by the

preliminary investigation of Sites 1073 and 1072 respectively (Shipboard Scientific Party,

1998a and 1998b). Figures 21 and 22 also display the interpreted seismic reflection

profiles of the Oc270 Profile 147 taken fi-om both sites (Shipboard Scientific Party, 1998a

and 1998b). Lithological changes are typically associated with seismic reflections,

depicted as dark lines on the profiles. The seismic reflection surfaces pp3(s), and pp4(s)

have been identified at Site 1072 and traced out onto the slope to Site 1073 (Figure 7).

Seismic reflection surface ppl(s) has been located only at Site 1073 and is assumed to

Table 1. Location and water depths of core examined in this study.





so

.^//^ ;«?^

1073 Seismic Profile

><^^^'^' -^

Figure 21. Lithologic units, recovery, chronology (calcareous nannofossil and
magnetochron), and seismic profile of sediments cored at ODP Site 1073. The
seismic profile is the interpreted version of a portion of Oc270 Profile 32 through

Site 1073. Seismic reflection surfaces pp1(s), pp3(s) and pp4(s) are thought to be

erosional unconformities (Shipboard Scientific Party, 1998b). This study focuses on
the uppennost 100 m at this site.
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1072 Seismic Profile

."^^^

Figure 22. Lithologic units, recovery, chronology (calcareous nannofossil and
magnetochron), and seismic profile of sediments cored at ODP Site 1072. The
seismic profile is the interpreted version of a portion of Oc270 Profile 147 through

Site 1072. Seismic reflection surfaces pp3(s) and pp4(s) are thought to be
erosional unconformities (Shipboard Scientific Party, 1998a). This study focuses

on the uppemnost 90 m at this site.
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come in contact with the seafloor at some point seaward of Site 1072 (Shipboard

Scientific Party, 1998b). These seismic reflections have been interpreted to be sequence

boundaries (Austin, Christie-Blick, Malone, et al, 1998).

The uppermost 121.9 m of Hole 1073A make up Lithologic Subunit IA and are all

thought to have been deposited during the Pleistocene or Holocene (Shipboard Scientific

Party, 1998b). The dominant lithology within this unit is silty clay with minor intervals

of sandy mud. This subimit has been further subdivided, the details of which are shown

in Figure 21. Much of this subimit is thoroughly bioturbated (Shipboard Scientific Party,

1998b).

The uppermost 152.13 m of Hole 1072 make up Lithologic Unit I and are thought

to have been deposited during the Pleistocene or Holocene (Shipboard Scientific Party,

1998a). This unit was described as consisting dominantly of dark gray to dark greenish

gray silty clays, clayey silts and clays interbedded with olive gray sandy and, sandy silt,

clayey sand, and/or muddy sand. Slumping was noted in the top portion of the unit and

bioturbation is associated with the intervals where clays are interbedded with coarser

sediments (Shipboard Scientific Party, 1998a ).

1073A Chronology

The chronology displayed in Figure 21 is based on calcareous nannofossil,

paleomagnetic, and foraminiferal biostratigraphic data. The sediments above 109.82

mbsf contain the calcareous nannofossil species E. huxleyi, and can be no older than 250

ka. The acme of E. huxleyi is found at ~67 mbsf and therefore these sediments are



vl \. ( t.

i^ SntM'I «•



51

thought to be approximately 80 ka. The calcareous nannofossil data also indicate that

sediments below 109.82 mbsf are no younger than 250 ka. Paleomagnetic data also

complement the calcareous nannofossil data by indicating that all sediments deposited in

the uppermost 525 m were deposited during the Brunhes Chron (0-0.78 Ma; Shipboard

Scientific Party, 1998b). A "C AMS date of 14 800 ± 55 yr. bp. was obtained from 40

cm downcore (C. McHugh, Jan. 1999, personal communication).

1072 Chronology

The chronology displayed in Figure 22 is based on calcareous nannofossil,

paleomagnetic, foraminiferal and palynological biostratigraphic data. Hole 1072A had a

total sediment recovery of only ~ 27% in the uppermost 100 m. Due in part to the poor

recovery, and because of the sparse calcareous plankton on the outer shelf, little

biostratigraphic data from calcareous microfossils could be obtained. The presence of

Gephyrocaspa parallela and the absence of Emiliania huxleyi constrain the sediments

between 56 mbsf and 57.8 mbsf to Zone CN 14 (0.25-0.9 Ma) and all sediments in the

upper 57.8 m to less than 0.9 Ma. (Shipboard Scientific Party, 1998a). The section

between 65 mbsf and 75 mbsf belongs to subzone CN 14a (0.4-0.9 Ma) due to the

presence of both G. parallela and Pseudoemiliania lacunosa. The Brunhes/Matuyama

chron boundary was identified at 62.3 m. The paleomagnetic data indicate that the

sediments between 62.3 mbsf and 70.7 mbsf are of Clr-lr (0.78-0.99 Ma), fiirther

constraining the age of the sediments within this section (Shipboard Scientific Party,

1998a).
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Results: New Jersey Margin

All of the results in this section refer to the palynological data from the uppermost

95 m in Hole 1073 (slope site) and the uppermost 90 m in Hole 1072 (shelf site). The

relative abundance of pollen & spores, and dinocysts from Hole 1073 are illustrated in

Figures 23 and 24 respectively. The relative abundance of pollen & spores and dinocysts

from Hole 1072 are displayed in Figures 25 and 26 respectively. All raw data are listed

in Appendix 1 . Many of the pollen, spore and dinocyst taxa identified in this study are

displayed in Plates 1 and 2 respectively.

The concentration of palynomorphs on the slope varied between ~ 3000 and

19000 with an average of approximately 6000 palynomorphs/ml of sediment (Figure 27),

approximately 3500 of which were pollen or spore grains and 2500 of which were

dinocysts. Thus, the mean P:D at the slope site is roughly 1.9 (Figure 28). The average

G:P on the slope is 3.6 (Figure 29). The shelf palynological assemblage is dominated by

palynomorphs of terrestrial origin. There is an average of approximately 4600

palynomorphs/ml of sediment at Site 1072 with a variation between -2000 and 7000

(Figure 30). The average concentration of pollen and spore grains was 4000/ml of

sediment. There is an average of approximately 600 dinocysts/ml of sediment. The

average P:D value at the shelf site, therefore is approximately 11.5 (Figure 31). The

average gonyaulacoid to protoperidinioid ratio (G:P) on the shelf is 1.7 (Figure 32).

Pinus is the dominant pollen grain at both Holes. Picea is the only other pollen

taxon that was consistently common in both sites (typically -15%). Quercus, and Carya

were found in consistently low abundance throughout both Holes. The dinocyst
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Plate 1 . Examples of several of the common pollen and spore taxa found at the ODP
Leg 174A Holes 1072Aand 1073A. a) Quercus, b) Picea, c) Lycopodium, d) Tsuga,

e) Juglans, f) Nyssa, g) Gramlneae, h) Carya, i) Sphagnum, j) Pinus, k) Acer, 1)7/7/3.
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Plate 2. Examples of several of the dinocyst taxa found at the ODP Leg 174A

Holes 1072Aand 1073A. a) and b) Spiniferites spp., c) and d) Operculodinium

centrocarpum, e) Bitectatodinium tepikiense f) and g) Brigantedinium simplex

h) Nematosphaeropsis labyrinthus 1) Algidisphaeridium minutum
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Figure 27. Concentration of gonyaulacoid dinocysts, protoperidlnioid

dinocysts and pollen & spores per ml of sediment (X 1000) at ODP
Hole 1073A.
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Figure 28. Pollen & spore to dinocyst ratio from ODP Hole 1073A.
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Figure 29. Gonyaulacoid to protoperidinioid dinocyst ratio from ODP Hole 1073A.
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Figure 31 . Pollen & spore to dinocyst ratio from ODP Hole 1072A.
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assemblage in Hole 1072 was dominated by Brigantedinium spp., Spiniferites spp

Bitectatodinium tepikiense. and to a lesser extent by Operculodinium centrocarpum. Pre-

Pleistocene dinocysts were relatively abundant in several samples throughout this section

of Hole 1072A. The dinocyst assemblage in Hole 1073 was dominated by

Brigantedinium spp., Spiniferites spp., O. centrocarpum and to a lesser extent B.

tepikiense.

't •; . a !
!

r^





68

Discussion

Data Interpretation

Figure 33 displays the estimated position of the North American ice-sheet at the

Last Glacial Maximum (~21 ka). The magnitude and close proximity of the Laurentide

ice-sheet and the preceding ice-sheets would have had a profound effect on the

sedimentary history of this region. Therefore, their presence must be also included in the

interpretation of the continental margin architecture.

The traditional method of analyzing palynological data from marine sediments is

to examine the relative percentage shifts foimd in each core and infer the paleoecologic,

paleoceanographic and paleoclimatic conditions (e.g. Groot et al, 1995). Groot et al.

(1995) used the pollen and spore data as the primary chronologic/climostratigraphic

control in their study. This method will also be used here at Hole 1073 and then critically

analyzed with the aid of other methods of interpreting the palynologic data. A

comparison with other biostratigraphic data and other regional conditions that may affect

the sedimentology will also be considered.

1073A

General Trends

The dinocyst assemblage in Hole 1073A is dominated by Brigantedinium spp.,

Spiniferites spp. and Operculodinium centrocarpum. The high frequency of O.

centrocarpum at 1073A is consistent with the Temperate Zone dinocyst ecological

classification of Harland (1983). This classification indicates that O. centrocarpum is

relatively common in an outer neritic to oceanic environment.
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The abundance of most pollen and spore taxa found at this site are too low for

reliable paleoecologic interpretation. However, some taxa are sufficiently abundant to

provide some paleoecological data; these include Picea, Carya, and Quercus. Pinus is

not included in this group because of its cosmopolitan abundance and over representation

in marine environments.

Constrained Cluster Analysis

The constrained cluster analyses for both pollen «& spore and dinocysts identify 5

distinct zones in the uppermost 95 m of Hole 1073A. These zones are here given the

designation of zones PI to PV (Figure 34). The boundaries between these zones occur at

approximately the same depth downcore in both palynomorph types, thus indicating that

this zonation is the result of a regional influence affecting both the terrestrial and marine

realms.

Picea is known to inhabit a cooler climate than Carya (Figure 35) and their

relative abundance can be used as an approximate index for regional climate conditions

(Webb et al, 1987). The relative abundance of Picea should increase during glacial

periods at these latitudes, whereas an increase in the relative abundance of Carya should

indicate interglacial periods. The relative abundance of both Picea and Carya are

displayed in Figure 36. The inverse relationship of these two genera could be interpreted

as recording the shifting regional vegetation patterns resulting from the shifting regional

climate zones (i.e., glacial/interglacial cycles). A similar trend can also be seen in the

paleoecological assemblages of the dinocysts. As indicated in Figure 36, the relative
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abundance of Brigantedinium spp. tends to be high in the same samples as the Picea.

Conversely, the relative abundance of Spiniferites spp. tends to be inversely proportional

to that of Brigantedinium spp.. Brigantedinium spp. are known to prefer cooler

temperatures or more neritic conditions (Mudie, 1992). Because both 'warmer' genera

{Spiniferites spp. and Carya) coincide, and both 'cooler' (and/or neritic) genera

{Brigantedinium and Picea) coincide with one-another, it can be concluded that these

trends record regional oceanographic and climatological patterns. Further support of this

conclusion comes from the fact that these particles are derived from independent sources

(terrestrial and marine) and both are proven paleoecological indicators in their respective

realms.

Figure 36 displays the G:P ratio as well as the relative abundance of the main

taxonomic groups of dinocysts and pollen. The inferred glacial/interglacial zonations

shovm are based primarily on the paleoecology of the dinocyst and pollen assemblages.

The G:P is highest in the sections that correspond with the inferred interglacial periods

(19.65 to 32.15 m and 79.65 to 95.64 m; Figure 36), thus corresponding with the

paleoecological classifications of Edwards et al. (1991).

The uppermost sediments have a "glacial" palynoecological signature, indicating

that this site has not been depositional during the Holocene (Gostlin and McCarthy,

1998). This was later confirmed by the radiocarbon date of 14.8 ka at a depth of 0.40 m

(McHugh, Jan. 1 999 personal communication).
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Problems with this type ofanalysis

There are several problems associated with the inferences made regarding the

depositional history of this region using the approach employed above. One potential

problem is that many other pollen taxa do not consistently follow the expected warmer

versus cooler trends despite having well defined climatic ranges. For example, Abies

(which is known to inhabit cooler climate zones in North America; e.g. Elias 1987) has

its highest abundance in zone P-II (interglacial). An examination of some of the other

palynomorph trends was used to infer the depositional environment and compared with

the conclusions found using the traditional method. These trends include the P:D ratios,

the concentration of all three palynomorph types (pollen & spores, gonyaulacoid

dinocysts, and protoperidinioid dinocysts), a pollen and spore diversity index, and the

relative percentages of pre-Pleistocene dinocysts. The zones defined by the constrained

cluster analysis are still usefiil because they are real, distinct divisions of the assemblages.

It is simply the interpretation of why these distinctions exist that is subject to analysis

here.

Predictable trends should be detected within each sequence, as well as the

aforementioned ecologic signal left by the dinocysts and pollen. The indices used by

some palynologists (P:D, G:P and concentration), along with a few others discussed

below, are used to infer theoretical palynomorph trends thought to develop in the

individual systems tracts.

Diversity

Pollen and spore diversity is examined because it is thought that diversity will

decrease with increasing proximity to shoreline with a bias toward those pollen and spore
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types that are morphologically adapted to long distance transport (Mudie and McCarthy

1994). The reworking of terrestrial palynomorphs is thought to have noticeably increased

during full glacial conditions when the ice-sheets had 'scoured' the terrestrial sediments

and resulted in increased runoff (not only during glacial disintegration, but also during

the summers). The diversity index for dinocysts, on the other hand, would have different

implications. A low dinocyst diversity is often thought to represent one of two

circumstances 1) a 'stressed' environment; or 2) taphonomic alteration of the assemblage,

thus only leaving dinocysts that are most resistant to degradation (Gregory and Hart,

1992). Both pollen & spore and dinocyst diversity indices are displayed in Figure 37.

Reworked palynomorphs v_

A large relative number of pre-Pleistocene dinocysts can be a useftil clue in

identifying reworked marine sediments. Many of the species that are extant at these sites

evolved in the Miocene or earlier, somewhat complicating the distinction of those that

have been reworked versus those that have not. However, there are taxa that have distinct

stratigraphic ranges that terminate prior to the Pleistocene. Also, individual dinocysts

that have been reworked sometimes appear corroded more so than the other individuals,

enabling a reworked designation. Examples of pre-Pleistocene dinocysts are displayed in

Plate 3.

Palynomorph signals within systems tracts

The palynological signal thought to develop within each of the systems tracts

within a typical sequence forming during a Late Neogene, glacioeustatic change is
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Plate 3. Examples of pre-Pleistocene dinocysts found at ODP Leg 174A Holes

1072Aand1073A.
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discussed here. It must kept in mind that the overall form of a sequence (and therefore,

the palynological signal) is strongly influenced by the physiography of the basin. The

close proximity of a continental ice-sheet at the New Jersey site would likely have had a

profound effect on the continental margin architecture (and palynomorph assemblage).

This palynological effect is largely due to the shifting climate, and water masses that are

so prominent in the regions surrounding large ice-sheets. Because both the marine and

terrestrial palynomorph assemblages are largely a ftinction of climate, these trends should

be manifested more distinctly in the sediments at the New Jersey sites. The South China

Sea region, on the other hand, would not have been subject to these significant

temperature shifts so that the climate induced shifts in vegetation would not be as

perceptible. Although circulation patterns have likely shifted significantly with

fluctuating sea level, the major cool/warm water mass shifts will not occur in this region.

As a result, shifting dinocyst assemblages will also not be as perceptible as they will be in

the New Jersey region. Shifting palynological assemblages due to proximity to shoreline

will provide the major evidence for detection of the various systems tracts that may have

been deposited on the Sunda Shelf and slope. The expected general palynological signals

within systems tracts are discussed below and displayed in Figure 38.

FRST-theory

The earliest FRST sediments will have a provenance from the uppermost

continent margin. Therefore a 'mixed' palynological signal would be expected. This

would include an allochthonous palynomorph assemblage reworked fi-om the preceding

highstand as well as autochthonous sediments. As the shoreline continues to migrate

basinward, coastal sediments (which may have been recently deposited as a part of the
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regressive wedge) may be reworked and deposited farther out on the shelf or upper slope.

The palynomorphs in these regressive wedge sediments may show signs of physical

abrasion. The progressively nearing proximity of the shoreline will cause an increasing

P:D trend. The autochthonous dinocyst assemblage would be increasingly neritic, thus

decreasing G:P, however, this signal may be "muted" by the other influences.

Gregory and Hart (1992) indicated that during a regression, the marine component

that is present should have a low diversity due to the large amounts of fine grained

suspended material in the water column resulting in a stressed environment. This trend

may be especially evident at a margin that is nearby a large ice sheet.

During late FRST sediment supply due to the close proximity of the ice sheet will

also influence the palynomorph assemblage. The sediment supply will increase due to

the proximity of the ice sheets and their sediment load, therefore total palynomorph

concentration will be relatively low. The relatively low P:D coming from the

allochthonous sediments and the higher P:D coming from the pollen and spore rich

sediments recently eroded from the continent by glacial scouring and proglacial fluvial

incision will combine to form somewhat of a mixed signal.

LST-theory

The closer proximity of the shoreline would result in a higher P:D and a lower

G:P. There would likely be an increased abundance of reworked dinocysts and pollen

and spores in these sediments as a result of reworking of exposed shelf sediments. Many

of these palynomorphs may be physically abraded and subject to oxidation which would





•2

lead to a taphonomically induced high G:P. Sediment supply at the ice sheet margin

should be at its highest rate of influx in the sequence during the LST development

because of the proximity to the continental ice-sheets. Therefore, palynomorph

concentration will be very low in these sediments. The terrestrial component will contain

palynomorphs from a wide range of terrestrial environments.

During glacial periods the vegetation will be sufficiently different not only to

change the type of pollen and spores produced but also decrease the overall production.

The distinct vegetation zone shift (from deciduous to boreal and ultimately tundra) may

be evident in the pollen and spore assemblage, but it may not be discernible due to the

reworked pollen.

High continental runoff (especially in the summer months) will result in the

transport of recently eroded glacial sediments. The high runoff will also cause high

levels of fluvial incision, fiirther contributing to the high sedimentation rates. Both of

these factors (reworking glacial sediments and high fluvial incision) will result in a high

pollen and spore diversity index in sediments.

The water mass in the New Jersey margin region during a glacial period would be

very cool with freshwater influxes during the summer. Mudie and Harland (1996) found

increased abundance of dinocysts during meltwater events in the polar environments,

therefore, an increase in the abundance of dinocysts may be present in these LST

sediments. However, the increased siliciclastic influx as well as increased pollen and

spore influx may leave the dinocyst trend indiscernible.
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TST-theory

The TST should have an upward decreasing P:D trend and should culminate in a

P:D minimum. This would be the maximum flooding surface marking the top boundary

of the TST. The G:P should be at a maximum at the MFS. Therefore the MPS is defined

by the P:D minimum and G:P maximum which therefore should be coincidental.

Palynomorph concentration may be high because of the decreased siliciclastic input (due

to the elimination of the glacially transported sediment supply). —'

HST-theory ""V

Concentrations of palynomorphs should remain high for the same reasons

mentioned with respect to the TST. A low degree of physical and chemical degradation

of the palynological assemblage should be observed. The pollen and spore assemblage

should be dominated by those types that are best adapted for long distance transport (e.g.

bisaccate). This should result in a low pollen and spore diversity index. An increased

'oceanic' signal should be found in the dinocysts, i.e., high G:P as well as the presence of

those dinocysts known to prefer more oceanic conditions. The dinocyst assemblage firom

the margin that was glaciated should be representative of warmer water masses in the

region during the highstand. ^

Revised interpretation

Figure 39 is a summary diagram of the various indices mentioned above. The

following is an alternative interpretation to the traditional method with the theoretical

palynomorph trends considered. Figure 40 represents the generalized sediment packages
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that are thought to have been deposited on the continental margin based on the

palynological and sedimentological trends found at Hole 1073A.

Zone P-I

The uppermost zone defined by the cluster analyses (Palynomorph zone I) is

dominated by the dinocyst Brigantedinium spp. and also contains high relative abundance

of Picea. As suggested in the traditional models, this would indicate relatively cool

conditions at his time. The palynomorph concentration in this zone is low in comparison

to much of the remainder of the core. Because Brigantedinium spp. are relatively

abundant in this zone it is thought that this low overall concentration of palynomorphs is

a fimction of increased clastic input as opposed to taphonomic degradation. The pollen

and spore diversity is relatively high, however there is a low pre-Pleistocene dinocyst

component. These trends are analogous to those thought to be deposited during sea level

transgression, thus forming the Transgressive Systems Tract (TST). It is not imexpected

that the pre-Pleistocene dinocyst abundance is low during transgression because the base

level would have been rising and incision would significantly decrease at the onset of

transgression. The shift in the palynological assemblage marking the zone PI/PII

boundary is thought to mark the onset of deglaciation (18-17ka; CLIMAP, 1976).

Zone P-II

The dinocyst assemblage in Palynomorph zone P-II is dominated by either O.

centrocarpum or Spiniferites spp. resulting in a high G:P. Many of the pollen and spore

grains found fi-om sample 19.65 m displayed evidence of physical abrasion. The high





m

G:P along with the signs of physical abrasion indicate that these sediments could have

been taphonomically altered, selecting against the protoperidinioid cysts (Zonneveld et

al., 1997). This zone also has the highest percentages of pre-Pleistocene dinocysts and

high pollen and spore diversity. These palynomorph trends are similar to that of those

predicted in sediments deposited during full glacial conditions (LST).

The summer months, during full glacial conditions in this region would have sent

massive amounts of melt-water across the continental shelf. This would have resulted in

significant fluvial incision into the Atlantic Coastal Plain, potentially reworking pre-

Pleistocene dinocysts and incorporating them into the sediment pool available to the

uppermost slope. Fluvial incision, not only into the past shelf deposits but also into the

past terrestrial deposits could account for the high pollen and spore diversity. Also, the

bulldozing effect of the ice-sheet would result in the scouring and entrainment of pollen

and spores from across many vegetation zones.

These zone P-II sediments have the highest P:D in the uppermost 80 m of 1073.

The zone P-I and P-II sediments have consistently higher P:D values than the sediment

packages below, however, they are not as high as initially expected. A plausible

explanation for this trend is that there could have been increased production of

dinoflagellates during the cooler time periods. Mudie and Harland (1996) attributed

increased abundance of dinocysts in the Labrador Sea to increased temperatures and

decreased salinities (meltwater events). The drier, dustier conditions in this region during

full glacial conditions, coupled with the increased fine sediment load, could have

increased the availability of nutrients which in turn allowed for increased reproduction of

dinoflagellates. A combination of glacial scouring and increased runoff (from the





seasonal melting of the ice-sheet) would have resuspended these pollen and spore grains

and eventually brought them to this site. The actual pollen and spore production in the

nearby terrestrial environment would have been significantly reduced (relative to

interglacial conditions) because the tundra vegetation zone produces comparatively little

pollen and spores. ?

This interpretation of Palynomorph zone P-II sediments as having been deposited

during full glacial condition is the opposite of that predicted by the traditional method.

ZoneP-III

Palynomorph zone III displays more of a mixed signal than the other zones. Both

the P:D and G:P are low relative to the other zones in this zone (often <1). However, the

P:D does display a gradual increasing trend throughout the zone. The palynomorph

concentration is quite variable in this zone indicating fluctuating clastic input. These

sediments were likely deposited during the ~50ka period between the full interglacial

conditions of the Sangamon (Oxygen Isotope Stage 5e; ~125ka) and the fiill glacial

conditions of the Late Wisconsinan (Oxygen Isotope Stages 2; Figure 2). The overall

trend during this period was toward fiill glacial conditions with an overall lowering of sea

level. However, a smaller scale glaciation (stadial. Stage 4) followed by a smaller scale

melting (interstadial, Stage 3) resulted in glacioeustatic fluctuations between

approximately -20 m and -80 m relative to modem day sea level (Figure 2). Because the

ice-sheets were not close to this region, the sediment influx would have been much lower.

Palynomorph zone P-III displays an increase in the relative abundance of Picea with the

highest abundance in the two samples just below 60 mbsf. The sediments in these two
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samples could be indicative of the cool stadial conditions of Stage 4. Stage 3, although

globally somewhat warmer, remained relatively cool (Dredge and Thorleifson, 1987),

thus the higher Picea abundance throughout the top portion of zone P-III is not

unexpected. The cause of the variation in the relative abundance of Brigantedinium spp.

and O. centrocarpum could be indicatative of a taphonomic alteration of the sediments.

ZoneP-IV

Palynomorph zone P-IV consists of only one sample (79.65 m). The constrained

cluster analysis of the dinocysts indicates that this sample is quite distinct whereas the

constrained cluster analysis for the pollen and spore data does not indicate a clear

distinction from the adjacent zones. However, other palynological trends support the

distinct zonation classification, such as the spike in palynomorph concentration and the

very low pollen and spore diversity (Figure 39). Seismic reflection ppl(s) has been

identified in Hole 1073 at 72-75 m (Figure 22; Shipboard Scientific Party, 1998b). There

is no observed change in lithology at this depth (Shipboard Scientific Party, 1998b), but

there is a distinct lithologic change at 79.95 m described as a 'sharp contact' (Shipboard

Scientific Party, 1998b). Because seismic reflections represent changes in impedance,

this surface is here moved to correspond with the known lithologic change. This surface

is 30 cm below the P-IV palynomorph sample.

Palynomorph zone P-IV has the lowest pollen and spore diversity (80% Pinus) in

the uppermost 95 m at Hole 1073. This, coupled with the very high palynomorph

concentration, indicates that there is little terrestrial influence on these sediments. The

high relative percentage of O. centrocarpum also indicates that these are warmer, more
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oceanic water deposits. Therefore, these sediments have Hkely been deposited during sea

level highstand conditions. For zone P-IV to be considered a HST there would have to

be progradation occurring. Because this zone is so thin (maximum thickness is 3 m) it is

likely analogous to the condensed section, being too distal for any progradation to occur

given the low sediment supply. It is thought that the modem sea-floor would be

comparable to this surface. These sediments were likely deposited during the last full

interglacial period (Oxygen Isotope Stage 5; ~130~80ka).

Zone V

The P:D, G:P and pollen and spore diversity in palynomorph zone P-V are all

relatively high. The abundance of pre-Pleistocene dinocysts is also moderately high and

the overall concentration of palynomorphs is low in this zone. These palynomorph trends

indicate lowstand or transgressive sediments and therefore, represent sediments deposited

during the glacial period that preceded the last interglacial. As indicated in the 1073

chronology, sediments deposited at 109.82 mbsf are thought to have been no younger

than approximately 250 ka. This would indicate that the rates of sedimentation were

significantly lower throughout the interval between 109.82 and 79.95 mbsf or erosion

has occurred. The presence of ppl(s) at the top of the palynomorph zone V is likely the

erosional surface This erosional surface could have formed during the lowstand of

Oxygen Isotope Stage 6; 185-130 ka, and cut into the lowstand or transgressive deposits

of Oxygen Isotope Stage 8. These would be the sediments that are identified in

palynomorph zone P-V.
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The lower relative abundance of pre-Pleistocene dinocysts in zone P-V (relative to

the other defined lowstand: P-II), indicates that the fluvial incision into pre-Pleistocene

marine deposits occurred during this lowstand was not as substantial as it was during the

most recent lowstand.

Rates ofdeposition

The onset of deglaciation at -18 ka defined at Hole 1073A by the transition fi-om

LST sediments to TST sediments (PI-PII boundary at -16 mbsf ) and the AMS '''C date

of 14 800 ± 55 yr. bp at 0.4 m depth; C. McHugh personal communication, 1999)

indicate a mean rate of sediment accumulation of over 3 m/ka. The onset of Oxygen

Isotope Stage 2 occurred at approximately 30 ka (Imbrie et al, 1984), is thought to be

recorded at -33 mbsf depth (PII - PHI boundary) at 1073 on the slope site on the basis of

zone PII representative of LST sediments. Therefore the approximate mean rate of

sediment accumulation on the upper slope during the lowstand was -1.4 m/ka. Based on

the age estimate of 80 ka at 67 m (see Figure 21) and the onset of full glacial conditions

at 30 ka at -33 mbsf, a mean rate of deposition of approximately 0.7 m/ka can be

inferred. Seismic reflection ppl(s) at 79.95 mbsf likely represents an erosional

unconformity that has removed sediments deposited after approximately 250 ka (late

Stage 8) up until approximately 130 ka (Stage 5).

Miller et al. (1998) concluded that variation in size of the ice sheets has been the

primary control on the formation of sequence boimdaries since -42 Ma. The

palynological data from Site 1 073 indicate that the size (or extent) of the ice sheets is the

major control on the architecture of the upper slope near New Jersey during the late
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Pleistocene but only in an indirect way. The data presented here indicate that it is the

sediment supply to the region during the glacial periods that is the major control on

continental margin architecture. This has resulted in the development of a very

asymmetrical sequence at this site. This conclusion is similar to that of Mortan and Price

(1987) who also found very asymmetrical sequences within Late Neogene deposits from

the Texas coastal plain and continental shelf They attributed this asymmetry to large

variations of sediment supply along with the sea level change associated with

glacial/interglacial cycles.

1072A

The water depth at Hole 1072A is 98 m (Shipboard Scientific Party, 1998a) so

this location was likely exposed during the last glacial period, when sea level was

approximately 130 m below its current level (Fairbanks, 1989). The sequence boundary

that would have formed here is not visible in the seismic reflection profile. Because the

Late Wisconsinan sea level lowstand is thought to have been of greatest magnitude since

that of the Oxygen Isotope Stage 12 glaciation, one would expect this potential sequence

boundary to be preserved within the upper section of the core. The only surface defined

by the seismic reflection profile in the uppermost 90 m at Site 1072 is reflection pp3(s) at

57 m (Figure 22). Seismic reflection surface pp3(s) has also been identified at Site 1073

at a depth of 245-325 mbsf (Shipboard Scientific Party, 1998b). It is thought to be an

erosional unconformity (Shipboard Scientific Party, 1998b) that formed at the lowstand

of Oxygen Isotope Stage 12 (-450-425 ka; McCarthy and Gostlin, in press). The

presence of reflecfion pp3(s) at -57.8 mbsf and the absence of reflection ppl(s) at 1072A
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constrains the age of the sediments in the uppermost 57.8 m to between 450ka and

>~130ka (Figure 41). The Brunhes/Matuyama (B/M) boundary is identified at 62.3 mbsf

indicating that the reflection pp3(s) unconformity represents a hiatus of no more than 330

ka. Calcareous nannofossil data indicate that the sediments just below the B/M boundary

(65 -75 mbsf ) are constrained to between 900-400 ka (Shipboard Scientific Party,

1998a). Therefore, both the magnetochron data and nannofossil data constrain the

sediments in the interval from 75 - 62.3 mbsf to 780 - 900 ka (Figure 41).

The poor recovery at Hole 1072A (-27% in the uppermost 100 m) makes for very

difficult stratigraphic correlation within the core. However, the poor recovery is likely a

function of the lithology and therefore a clue to the depositional history of the region.

The sediments that were recovered have a silty clay to clay lithology. It is the cohesion

of the clay that allowed these sediments to be recovered. Sediments that lack clay would

not have had the cohesion to remain in the core while being brought up through the water

column. Also, the geophysical data indicate that the intervals between these muddy

sections are thought to have a higher sand content (Shipboard Scientific Party, 1998a).

Because of the poor recovery relatively few samples were available for palynological

analysis, thus limiting the reliability of the palynomorph trends. However, there are a

few sections of Hole 1072A where the palynomorph data are thought to provide

reasonable conclusions regarding the depositional history of this region.

General Trends

Despite the periodic influx of more "terrestrial" sediments to the upper slope as

discussed in the previous section, there are some general palynomorph trends between the
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two sites that reflect their respective environments. For instance, the average G:P is

much higher on the slope site than it is on the shelf. This trend is expected because the

gonyaulacoid dinocysts tend to be more abundant in deeper, relatively warmer waters

(Mudie, 1992). The average P:D is significantly higher on the shelf site than it is on the

slope. This is likely a function of the increased terrestrial influence at the site more

proximal to the shoreline. The low number of dinocysts found at Hole 1072 (accounting

for the high P:D) decreases the reliability of the inferences drawn from the dinocyst

assemblage at each depth sampled.

Constrained cluster analyses

The constrained cluster analysis shows a distinct shift in both pollen & spore and

dinocysts at the same depths (Figure 42), indicating a change in the depositional

environment between these depths. The most significant assemblage shift divides the

sediments above from those deposited below seismic reflection pp3(s). A lithological

shift between units lA/B and IC is also found between these samples (Figure 22;

Shipboard Scientific Party, 1998a). The diversity indices are displayed in Figure 43.

Figure 44 is the summary diagram of the various palynological proxy for Hole 1072A.

Gamma-ray data indicate that the sediments in the 15 m (57.5 ~ 42.5 mbsf) interval

directly above reflection pp3(s) are finer than the sediments in the section below

reflection pp3(s). This has been interpreted to indicate an overall deepening upward in

this section (Shipboard Scientific Party, 1998a), i.e., transgression. Only one sample

within this 15 m section above reflection pp3(s) was processed for palynomorphs due to

the especially poor recovery in this section. The pollen and spore assemblage at this depth
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is very dissimilar to other samples in the uppermost 100 m of 1072A. Pinus dominates

the sample but at its lowest relative abundance (-40%) in the core. There is a high pollen

and spore diversity index and a high relative percentage of pre-Pleistocene dinocysts

(25%) at this depth (Figure 44). These palynological trends indicate that these sediments

were deposited under lowstand conditions. The sediments between reflection pp3(s) and

42.5 mbsf are likely those which were deposited during late Stage 12 and the ensuing

transgression. The incision was substantial enough to have altered the geometry of the

margin in this region and created the accommodation required for deposition of the

transgressive sediments on the outer shelf Many of the other samples in this Hole do not

have distinct enough trends to be considered sufficiently valid to come to conclusions

regarding specific systems tract. This is in part due to the poor recovery and also

partially due to the low number of dinocysts present. However, there are a few samples

fi-om which conclusions can been drawn.

At 27.7 mbsf very high concentrations in all three palynomorph types are found,

indicating lowest amounts of clastic input. This sample is dominated by Brigantedinium

spp. and to a lesser extent Spiniferites spp. and has a very low pre-Pleistocene

component. The pollen and spore assemblage is strongly dominated by Pinus,

accounting for the lowest pollen and spore diversity index in Hole 1072A. The low pre-

Pleistocene dinocyst component along with the low pollen and spore diversity index

indicate that these sediments have not been reworked. The low P:D at this depth (lowest

in the core) coupled with other palynological trends indicates that these sediments were

deposited during highstand conditions.
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Possible mud clasts were found within lithological subunit lA/B at 36.5 mbsf.

There are also several small areas within this section that have been interpreted to be

slumps indicating at least some reworking (Shipboard Scientific Party, 1998a). However,

the lack of pre-Pleistocene palynomorphs identified here indicates that these sediments

had not been subject to significant reworking prior to deposition. The mud clast would

likely disintegrate if the reworking would have been more substantial.

The P:D peak coupled with a low pollen and spore diversity at approximately 61

mbsf indicates that these sediments have been taphonomically altered. If the shoreline

had been so close to produce the very high P:D peak seen here (-30), it is thought that the

diversity of pollen and spore would be significantly higher. The relatively low G:P

indicates that little taphonomic alteration by means of oxidation had affected these

sediments. However, because water depth is thought to be a significant factor controlling

dinocyst populations it is thought that even under highstand conditions this population

would be dominated by the protoperidinioids and could have been altered and simply

never had the gonyaulacoids present to increase the G:P.

Rates ofdeposition

It is likely that much of the sediment above the unconformity reflection pp3(s)

was deposited during the transgression that immediately followed the formation of the

unconformity. The erosion likely resulted in the creation of accommodation allowing

space for deposition on the outer shelf as opposed to transport over the shelf break. This

accommodation was likely rapidly filled during the ensuing transgression and highstand.

The uppermost ~ 25 m of Hole 1072A were likely deposited at some point between ~
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400 ka and ~ 130 ka. The presence of the Bruhnes/Matuyama boundary (0.78 Ma) at

62.3 mbsf, only ~ 5 m below reflection pp3(s) (~ 0.45 Ma), indicates that at least a few

hundred thousand years of sediment is missing. This sediment was likely removed from

the site during the formation of unconformity reflection pp3(s).

Conclusions: New Jersey Margin Architecture during the Late Pleistocene

ODP Sites 1072 and 1073 are non-depositional today. This is likely due to the

lack of accommodation at the shelf site and lack of sediment supply at the slope site.

Seismic reflection surface ppl(s) cannot be traced back to the shelf site (1072) from Site

1073 and therefore is thought to intersect the shelf surface at some point on the outer

shelf, seaward of 1072 (Austin, Christie-Blick, Malone et al, 1998), indicating

essentially no sedimentation occurred here on the outer shelf after reflection ppl(s) had

formed. The palynological data indicate that much of the sediments have bypassed the

outer shelf at Site 1072 and were, at least in part, deposited on the upper slope at Site

1073 during the late Pleistocene (< -130 ka).

The high recovery and general high quality of palynomorph preservation at Hole

1073A on the uppermost slope off New Jersey allowed for the inference that a complete

glacial/interglacial cycle from highstand to highstand is preserved in the top 80 m of

sediment. These data also indicate that the size (or extent) of the ice sheets is the major

control on the architecture of the upper slope near New Jersey during the Pleistocene but

only in an indirect way. The data presented here indicate that it is the sediment supply to

the region during the glacial period that is the major confrol on continental margin
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architecture. This site has remained non-depositional since the Laurentide ice-sheet

retreated from north-eastern U.S. approximately 15 ka ago.

The poor recovery at Site 1072 significantly inhibits the conclusions that can be

drawn from the palynological data. However, the palynological data from the 30 m

section above seismic reflector pp3(s) indicate frends of lowstand through to highstand

conditions. Sedimentation above reflection pp3(s) likely began during the late lowstand

conditions of the glacial Oxygen Isotope Stage 12. It is thought that the exfreme

lowstand conditions of Oxygen Isotope Stage 12 created the reflection pp3(s)

unconformity (McCarthy and Gostlin, in press), creating the accommodation required for

the deposition of 30 m of sediment package deposited largely during the ensuing

transgression and highstand.

The palynological data can allow for the distinction between sediment packages

that have been reworked and sediment packages that have been reworked and

taphonomically altered. This inference will provide fiirther clues as to the depositional

history and thus continental margin architecture.

It was thought that the Pleistocene and Holocene sediments of the New Jersey

margin would be an ideal location to study the theoretical concepts of the sequence

stratigraphic models developed by the group at Exxon (Austin, Christie-Blick, Malone et

al. 1998). However, the massive fluctuations in the sediment supply to the region

resulting from the close proximity of continental ice-sheets make this a less than ideal site

to test these models.



' ,M'lHli.

'3}ii.



103

South China Sea

Core descriptions

.S

n'-''

r

Table 2 displays the location and water depths of cores examined from the South

China Sea in this study. Figures 45 and 46 display the general lithologies of the cores

along with chronologic data. j

I

J
-
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Table 2. Location, water depths and lengths of core examined in this study.
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Figure 46. Interpreted lithology, oxygen isotope data (Stattegger et al., 1997)

and AMS^^C data from SCS 1 8282-2 (Hiroshi Kawamura, personal

communication, Jan. 1998). Thie shift in tlie oxygen isotope data t)etween the

lower and upper portion of the core is thought to be recording the shift from glacial

to interglacial conditions (Stattegger et al., 1997). This conclusion conflicts with

the AMS^^C data.
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of core 1 8294-4, therefore this core was sampled and examined for palynomorphs. It is

assumed that the sediments from core 18294-3 have the same signal as the sediments

from the top 44 cm of 1 8294-4, and will be referred to as simply the top portion of core

18294-4/3 for simplicity.

18282-2 -"
't\ : .. ,^. .... : - -^ ;. nn' -

;',.v..-. ^ .
,

.. - -

The top 30 cm of 18282-2 consist of relatively coarse benthic foraminiferal and

shell fragment sediments. The remainder of the core consists almost entirely of medium

gray, homogeneous clay.

Chronology

The oxygen isotope (5'*0) data from core 18294-4/3 (Figure 45) have been

inferred to represent those sediments deposited from the LGM through to approximately

half of Oxygen Isotope Stage 3 (~ 20 - 50 ka). The 8'^0 data from Core 18294-3 record

Holocene sediments (Stattegger e/ a/., 1997).

The chronology for the shelf core 18282-2 is based on AMS '"C dating and 5'*0

data (Figure 46). The AMS '"C dating was measured by Prof P. Grootes, Leibnitz Lab at

Kiel University in Germany and was provided by Kawamura (Jan. 1998, personal

communication). An attempt was made to obtain the 5'*0 record from the planktonic

foram Globigerinoides ruber (white variety), however, there were insufficient specimens

to obtain a complete record. The benthic species Asterorotalia pulchella was present in

sufficient abimdance throughout the core and was used instead (Stattegger et al, 1997).

The two data sets provide incongruous implications. Stattegger et al. (1997) reported that

the 6'*0 data from core 18282-2 indicate continuous deposition ranging back to the
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LGM. The 6'*0 signal indicates a two-step termination following Duplessy et al (1988)

and Holocene sediments (Stattegger et al, 1997). The AMS '"C data indicate that almost

the entire section cored was deposited very rapidly between approximately 32 and 34 ka

ago (near Stage 2/3 boundary).

Figures 47 and 48 display the seismic reflection profiles taken from both sites.

V i^yi
•'
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Figure 46. Seismic profile of elevated seamount-like structure from where

core 18294-4/3 was taken (modified from Stattegger et al., 1997)
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Figure 48. Seismic profile of vicinity from where S01 15-35 18282-2 core

was taken (modified from Stattegger et ai, 1 997).
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Results: South China Sea

The relative abundance of pollen & spores and dinocysts are not displayed in the

same manner as for the New Jersey margin sites because pollen and spores were not

identified to the same taxonomic level as in New Jersey margin cores and the dinocysts

were typically not sufficiently abundant to warrant statistical analysis. Therefore only

general palynological trends were examined from the SCS (e.g. concentration, P:D, and

G:P). All raw data are listed in Appendix 1 and typical pollen, spores and dinocysts are

displayed in Plates 4 and 5 respectively.

Both palynological assemblages are dominated by palynomorphs of terrestrial

origin. The slope site (18294-4/3) had a palynological concentration range of -500 to

-1500 grains/ml and an average of approximately 1000/ml of sediment (Figure 49),

approximately 800 of which were pollen and spore grains and 200 of which were

dinocysts. Thus, the mean P:D on the slope site is roughly 5 (Figure 50). The average

gonyaulacoid to protoperidinioid ratio (G:P) on the slope is 0.16 (Figure 51). The shelf

site (18282-2) had a palynological concentration range of -1000 - 4500 grains/ml and an

average of approximately 3200 palynomorphs/ml of sediment (Figure 52).

Approximately 3000 of these were pollen and spore grains and 200 of these were

dinocysts. The average P:D value at the shelf site therefore is approximately 16 (Figure

53). The average G:P on the shelf is 0.56 (Figure 54).
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(a)

(b)

Plate 4. a) examples of a few of the pollen and spore types found at the

Sonne 115 Holes 18282-2 and 18294-4/3. b) typical plant debris

commonly found at Sonne 115 Hole 18282-2.
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Plate 5. Examples of several of the common dinocyst taxa found at the Sonne 115

Holes 18282-2 and 18294-4/3. a) Lingulodinium machaerophorum, b) Stelladinium

stellatum, c) Brigantedinium simplex, d) Selenopemphix neproides, e) Selenopemphix

quanta, f) Spiniferites spp., g) Bitectatodinium tepikiense.
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Figure 52. Concentration of gonyaulacoid dinocysts, protoperidiniod dinocysts

and pollen & spores per ml of sediment at Sonne 115-18282-2.
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G:P

Figure 54. Gonyaulacoid to protoperidinioid dinocyst ratio from Sonne

115-18282-2.
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Discussion

General Trends

As was the case with ODP Leg 174A on the New Jersey margin, there is a general

palynomorph trend between the two sites that reflects the respective environments of the

shelf and slope. The P:D is much lower on the slope site than it is on the shelf The fact

that the P:D at the shelf site is significantly higher than it is at the slope site reflects the

increased terrestrial influence at the site more proximal to the shoreline. The low number
f

of dinocysts found on the shelf (accounting for the high P:D) decreases the reliability of

the inferences drawn fi-om the dinocyst assemblage. There is much more palynomorph

debris (e.g. Plate 4) at the shelf site than there is at the slope site. Much of this

palynomorph debris is greater 1 00|Lim, and is therefore not transported to the upper slope

due to the higher energy required to transport the larger particles.The P:D ratio in the

uppermost section (0-44cm) of core 1 8294-4/3 is significantly lower than it is in the

lower section of core (210-680cm). This corresponds fairly well with the 5'^0 data and is

likely a fimction of the increased distance to shoreline during highstand conditions. The

G:P ratio is very low throughout the core and shows no clear distinction between

lowstand and highstand.

18294-4/3

One of the main objectives of the Sonne cruise was to test the hypothesis that

much of the productivity that occurs on the shelf during sea level highstands occurred
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Figure 55. Oxygen isotope data (from Stattegger etal., 1997) and relative

abundance of Brigantedinium spp. from SCS 18294-4/3.
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over the open ocean during lowstands (Figure 12). Brigantedinium spp. dinocysts are

thought to be good indicators of nutrient supply (Shaozi and Harland, 1993) and can be

useful in testing this productivity shift hypothesis. Despite the overall low abundance of

dinocysts at core 18294-4/3, Brigantedinium spp. did dominate the dinocyst assemblage.

The relative abundance o^ Brigantedinium spp. and the 6'*0 data are displayed in Figure

55. If nutrient supply, and therefore productivity, was higher over the slope during the

sea level lowstand, an increase in the Brigantedinium spp. would be expected. These

dinocyst data do not indicate a clear distinction between the lowstand and highstand

sediments. • -

18282-2 •• .inn ii. .w.- - :.,u U': ;' V '
• i:'

.

Three proxies can be used to infer the sea level history from this core;l) the 5'^0

data, 2) the temporal boundaries set by the AMS"'C dates, and 3) the palynomorph data.

All of these methods provide conflicting results and are somewhat enigmatic in cases.

If the AMS'''C dates of between 31 and 34 ka are accurate it would indicate that

essentially the entire core was deposited when sea level was approximately 60 m below

its present level (Figure 2). Therefore, these sediments would represent those deposited

during sea level regression forming the FRST. This would have been followed by a

depositional hiatus imtil the present. The uppermost 30 cm have a lithological and

palynological signal of a lag deposit. The low concentration as well as the low P:D

indicate little terrestrial influence at this site at present and/or when the uppermost 30 cm

was deposited.
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The 6'*0 data (Figure 46) indicate a shift from lower to relatively higher sea level

conditions at approximately 260 cm down core. There is a very high P:D peak just below

this level at 300 cmbsf. This could represent those sediments deposited during the

lowstand, while the shoreline was in very close proximity to this site. Further evidence in

support of this interpretation comes from the planktonic foram Globigerinoides ruber. G.

ruber is more common in the upper portion of the core than the lower portion such that

abundance were too low below 260 cmbsf to obtain 5'*0 data. G. ruber is known to

prefer oceanic over neritic water (especially the white variety; Be and Tolderlund, 1971).

If the 5'*0 data are in fact accurate and it is the AMS"'C data that are erroneous, the depth

would have reached a minimum of approximately 20 m over this site during the LGM

and been unfavorable for this species of planktonic foram.

A potential problem with this interpretation is that sea level would have reached a

minimum of 20 m depth at this site at the LGM. This would likely have caused the

formation of a surface that would be detected within the core in the vicinity of the 5'^0

shift from Stage 2 to Stage 1 (i.e. ~ 260 cmbsf). No such surface was recorded by the

lithological core logger (Stattegger et al, 1997).

Conclusions: South China Sea

The P:D ratio as well as the concentration of palynomorphs correspond well with

the oxygen isotope data from the continental slope of the Sunda Shelf. The P:D ratio was

significantly lower in the sediments that were deposited during highstand conditions

likely resulting from the increased distance to shoreline during the highstand.
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The dinocyst data from core 18294-4/3 (as limited as they are) indicate that no

significant shift in productivity occurred during the transition from lowstand to highstand

at this region.

The conflicting chronologic data fi-om 6'*0 data and AMS '""C data complicate the

interpretation of the shelf sedimentary history at Site 18282-2. The very high peak in P:D

at 300 cmbsf indicates that the sea shore may have been in close proximity to this site at

the time these sediments were deposited. Therefore these palynomorph data best

complement the 6'*0 data by indicating a shift from lowstand to higher stand conditions

at between 300 and 260 cmbsf
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Conclusions:
' '

Palynomorphs as indicators of continental margin architecture

Palynological assemblages allow for distinction of glacial versus interglacial

conditions on continental margins. With the aid of palynomorph trends including pollen

and spore versus dinocyst (P:D) and protoperidinioid versus gonyaulacoid dinocysts

(G:P) ratios, pollen and spore diversity, and pre-Pleistocene dinocysts it was found that

the traditional paleoecological inferences were often not appropriate. It is concluded that

this traditional method of pollen and spore analysis not be applied to marine sediments

without careful consideration of potential taphonomic effects.

The boundaries between zones defined by the constrained cluster analysis occur at

nearly exactly the same depth downcore in both marine and terrestrial palynomorphs.

This indicates that this zonation is the result of a regional influence affecting both the

terrestrial and marine realms. The average P:D values are higher on the shelf than they

are on the slope which is a function of proximity to shoreline.

G:P may not always be an effective indicator of taphonomic alteration of shelf

sediments because of the inherently low numbers of gonyaulacoid dinocysts. Thus, in

some cases, even if sediments have been altered (reducing the overall number of

dinocysts, especially protoperidinioids) the overall G:P ratio may not be significantly

altered because it was so low to begin with. A more accurate account of the taphonomic

alteration of a sediment package can be ascertained by considering other palynomorph

data, such as the pollen diversity. Palynological analysis can also be a useful tool in

recognizing reworked sediments which can in turn be usefiil for inferring depositional

patterns on the continental margin. A complete and reliable database of the
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contemporaneous palynomorphs will greatly contribute to the conclusions that can be

ascertained regarding continental margin architecture when using this approach.

Theoretical models of the palynomorph signature were found to be useful for

identifying sediments deposited during the various increments of glacioeustatic change.

The data presented here indicate that, under certain conditions, identification of

individual systems tracts was possible. Despite the fact that in some areas the

palynomorph assemblage was insufficient to distinguish between individual systems

tracts the data did provide some insights into continental margin architecture of the

region.
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Appendix 2: Nomenclature of Dinoflagellate Cysts

The dinoflagellate cyst taxa identified in this study are listed below with remarks

where appropriate. The illustrated specimens are curated at the Earth Sciences

Department, Brock University, St. Catharines, Ontario.

:r. -?o Hn- .:
'

Achomosphaera andalousiensis (Jan du Chene), emend. Jan du Chene and Londeix,

1988. ,

^
' .^ i

Algidasphaeridium minutum, Lentin and Williams, 1989. (Plate 2 i).

Bitectatodinium tepikiense Wilson, 1973. (Plate 2 e, Plate 5 g).

Brigantedinium simplex (Wall) Reid 1977, (Plate 2 fand g, Plate 5 c).

Brigantediniuml spp. "Round brown cysts". Cysts ranging in colour from light brown to

dark reddish brown, lacking processes, typically smooth texture are grouped together as

"Round Browns"

Impagidinitim spp. Stover and Evitt, 1978

Labyrinthodiniian truncation Piasecki, 1980.

Lejeunecysta spp. Artzner and Dorhofer, 1978.

Lingulodinium machaerophorum (Deflandre and Cookson) Wall, 1967. (Plate 5 a).

Nematosphaeropsis labyrinthus (Ostenfield) Reid, 1974. (Plate 2 h).

Nematosphaeropsis oblonga Mudie, 1987.

Operculodinium centrocarpum (Deflandre and Cookson) Wall, 1967. (Plate 2 c and d).

Operculodinium israelianum (Rossignol) Wall, 1967.
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Operculodiniumjanduchenei Head et al. 1989.

Polykrikos schwartzii Butschi, 1 873.

Polysphaeridium zoharyi (Rossignol) Bujak et al. 1980

Selenopemphix dionaeacysta Head, 1989.

Selenopemphix nephroides (Benedek) emend. Bujak, 1980. (Plate 5 d).

Selenopemphix quanta (Bradford) Matsuoka, 1985 (Plate 2 e).

Spiniferites spp. (Mantell) emend. Sarjeant, 1970 (Plate 2 a and b, Plate 5 f).

Stelladinium stellatum (Wall and Dale) Reid 1977. (Plate 5 b).

Tectatodinium pellitum Wall, 1967.

Tuberculodinium vancompoae (Rossignol) Wall, 1967.

Votadinium calvum Reid, 1977.
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